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METHODS AND MATERIALS
N-octylamine (1, amino octane) was diluted
with ethylene glycol and applied to skin surfaces
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from a 0.25 ml "Agla" micrometer syringe with a
blunted 27-gage needle. Thirty micrograms of
n-octylamine ethylene glycol mixture were ex-
pressed as a droplet at the tip of the needle and
the needle was touched tangentially, twice, to the
volar surface of the forearm of the subjects after
the photoelectric head which had been placed
over the spot was lifted. Droplets of 10, 25, and
50% n-oetylamine were applied to each forearm,
approximately 2½ inches apart. Skin over the
volar aspect of the elbow was avoided. The 30
pg droplet of 50% n-oetylamine was chosen be-
cause it produced a maximum increase in cutane-
ous blood flow with a minimum of tissue damage
in most subjects. In preliminary tests at 95° F a
50-pg droplet of this concentration produced a
burn in one of the eight subjects. The choice of a
fixed 30 pg droplet at three concentrations, how-
ever, involves the complication of solvent effects
on penetration.
The 20 subjects were enlisted men who had
volunteered for tests and were drawn from six
Army areas over the United States. The group was
characterized by the following statistics: age of
20.5 (±2.5 S.D.) years; height of 175.7 (±3.8
S.D.) cm.; and weight of 733 (±8.7 S.D.) kg.
There were 12 Caucasians and 8 Negroes. Subject
use was guided by the recommendations of the
Declaration of Helsinki.
Cutaneous blood flow was measured using the
photoelectric plethysmograph described by Hertz-
man et al. (11) and modified with a shutter and
fiber-optic light guide. In this technique, light
directed to the skin surface penetrates and is re-
flected back to the surface. The emergent light
fluctuates with the pulse and is sensed by the
photocell as a pulse wave. In systole the trans-
mission of light through skin decreases and in
diastole returns to its original value.
The index of blood flow (F) is defined as the
fraction of the total transmission (I) that the
photoelectric pulse (ill) forms. I is measured by
the difference in output of the photocell with the
light on and off when the photoelectric cell has
been placed against a calibration cube. P is re-
ferred to synonymously throughout this paper as
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ABSTRACT
N-octylamine was applied to the surface of the volar forearm of 20 volunteers at
environmental temperatures, of 35°, 65°, 95°, and 115° F. The amine was dissolved in
ethylene glycol to make solutions of 10, 25, and 50%. These solutions were applied in
droplets of 30 pg, and the vasodilatory effect as the end-point of skin penetration was
measured by photoelectric plethysmography. The rate of penetration increased with
temperature and concentration. N-octylamine induced wheal formation and erythema, and
the increase in cutaneous blood flow was found to be mainly in area of the wheal. It
was proposed that the effect of temperature on penetration involved epidermal factors.
Temperature effects on human skin in vitro
have been shown to modify the rate of pene-
tration of oxygen (1), tritium oxide vapor
(2), ethyl nicotinate (3, 4), glucocortico-
steroids (5), and inert gases (6, 7). Tempera-
ture has also been shown to affect penetration
of anticholinesterase compounds through mon-
key skin (5). N-octylamine, a histamine-re-
leasing vasodilator (9), was chosen for these
studies for two reasons: (a) its end-point of
skin traverse could be measured plethysmo-
graphically by the effect on cutaneous blood flow
and (b) it was hypothesized that any yasn-
motor responses to temperature would be
overriden by the vasodilating effect of the
amine. If the later is true, then any effect upon
skin penetration due to circulatory responses
would probably be minimized.
These normal vascular responses to tempera-
ture are well known (10) and may be a factor
in the clearance of penetrant from tissues once
it has passed the outer epidermis, perhaps by
increasing the diffusion distance from skin sur-
face to perfused capillaries and by reducing
blood flow. Thus, using n-octylamine, the
barrier factors operating in the epidermis and
dermis can be separated from some clearance
factors functioning through capillary dilation.
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Fin. 1. Development of skin lesion after n-octylamine application. Time for completion
of the stages depended upon environmental temperature and stage 3 was not observed in
the 95 and 115 ° F environments.
the cutaneous blood flow and as the relative pulse
height. The relationship between P and the Cu-
taneous blood flow has been estimated by a
calorimetric method (12) to be, blood flow in
mm'/cm°/min = 02P. Since our measured P's
agree closely with those of the previous reference,
it is assumed that this value is applicable to the
present data.
The calibration cube consisted of a piece of
white translucent plexiglass (Rohm & Haas Plexi-
glass II w2254) embedded in a lightproof box of
black phenolic plastic. The opacity of the cube was
used to reset the output of the photoelectric cell,
which changes with environmental temperature.
Five subjects were used under each of the fol-
lowing environmental conditions: (1) 350 F dry
bulb; (2) 65° F dry bulb—49° F wet bulb; (3)
95°F dry bulb—60°F wet bulb; (4) 115°F dry
bulb—fl° F wet bulb. In the 115° and 95° F en-
vironments, the subjects wore only underpants.
In the 65° F environment they wore fatigue trou-
sers, shorts and a T-shirt. In the 35° F environ-
ment subjects wore fatigue uniforms, field jackets,
and mittens, and were covered with a wool
blanket; the forearm was exposed. All measure-
ments were made on supine men after they had
been lying down for 30 minutes. While the men
were in different environments, skin and rectal
temperatures were measured using copper-con-
stantan thermocouples and an L & N Speedomax
Potentiometer-Recorder.
The most probable source of experimental error
in the study was contributed by the spatial rela-
tion of the plethysmograph to the developing
wheal. The plethysmograph, held to the arm by
the Sanborn electrode rubber strap, was lifted
when the amine was supplied. It was necessary
that the n-octylamine be so placed on skin that
a wheal would develop at the center of the
plethysmograph, otherwise the maximum blood
flow would not be recorded (Fig. 1).
RESULTS
A. Development of the Lesion
The placement of a droplet of n-octylamine
on the volar forearm skin results in the de-
velopment of a lesion schematically represented
in Figure 1. This typical lesion is based on ob-
servations in various environments and with
different concentrations of n-octylamine. In
stage 1, the beginning response is erythema in
the droplet area and the development of a few
discrete red punctate areas around its pe-
riphery. This is followed by a second stage in
which the erythema spreads rapidly to approx-
imately maximal size with the development of
punctate areas of reddening on the periphery.
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FIG. 2. Distribution of blood flow across n-octyl-
amine lesion. A 30 /LC droplet of 25% n-octylamine
was applied to the skin surface in the wheal area.
Each point is a mean value for 3 men.
range of the measurements can be noted from
the vertical bars. Control data illustrate a
range of variation in adjacent skin areas, and
the octylamine transect shows the greatest in-
crease in the relative pulse height in the area of
the wheal with perhaps a slight increase in
blood flow in the erythematous area.
C. Temperature and Concentration
Effects on Penetration
of N-Oct ylamine
The effect of environmental temperature on
the skin penetration and subsequent blood
flow increase of N-octylamine in 50% solution
is given in Figure 3 wherein each plot is a mean
for five subjects. Control levels of skin blood
flows were taken for 30 minutes before the
amine was applied and are represented by the
values of relative pulse height at 0 time. At
350 F, a rise in pulse height began at 20 min-
utes; at 65° F the rise began at 5 minutes
and at 95 and 115° F the heightened pulse was
The third stage is the formation of the wheal,
which begins in the areas surrounding hair
follicles. These enlarge and coalesce to form the
single large wheal which corresponds to the
droplet area of the octylamine. Occasionally, if
a wheal is not evident, it can be seen by stretch-
ing the skin. Variations in time of stage devel-
opment in these tests are dependent upon
environmental temperature and concentration
of solution. The stages proceed slowly at low
temperatures and usually not beyond stage 2
with 10% n-octylamine solutions. At high tem-
peratures stage 3 is difficult to observe. The
wheal usually disappears in 6—S hours and the
erythema disappears, except for the droplet
area, in 15 hours. A thin, flaky, darkened layer
of the epidermis appears after 24 hours and
this disappears in 3—4 days.
B. Distribution of Blood Flow
Through the Lesion
The distribution of blood flow across the
wheal and erythematous area was measured
by moving the photoelectric head along a
medial transect over the volar forearm sur-
face. In this way cutaneous blood flow was
measured at centimeter intervals before and
after a 30-pg droplet of 25% n-octylamine was
applied. The results can be seen in Figure 2 in
which the data are means from three men; the
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FIG. 3. Effect of environmental temperature on
penetration of 50% n-octylamine through forearm
skin. Increase in cutaneous blood flow was used as
the index of penetration. Standard errors are repre-
sented by the horizontal bar connected to each
point. The symbols represent the following condi-
tions: ,35°F; 0,65°F; O,05°Fand •,115°F.
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recorded at 2 minutes. The rate of rise or slope
of each temperature curve increased with en-
vironmental temperature. This rise appeared to
become limited quickly at the two highest tem-
peratures by what may be a near maximum
vasodilatioii of the cutaneous circulation; this
maximum level was not reached at 35° F but
might have been induced during a longer
measurement or by stronger solutions. Subject
variation was less at the cooler environments.
Similar curves to Figure 3 were also obtained
by plotting data for 25 and 10% solutions but
the 10% solution failed to show any effect on
blood flow at 35° F. The experimental period
was limited because subjects became uncom-
fortable from the voluntary immobilization of
the test arm.
The effects of concentration on penetration of
n-octylamine measured by blood flow increase
at 65° F are shown in Figure 4. Control values,
obtained as in the previous figure, are identified
by 0 time. The increase in cutaneous blood flow
began at 5 minutes for the 50% solution and at
20 minutes for the 10 and 25% solutions. A
90
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Fic. 5. Peak blood flow responses to n-octyl-
amine at various skin temperatures. The five
points in the upper left-hand corner of the graph
probably indicate a maximal blood flow developed
in response to concentrations and temperatures.
Standard error is indicated by the horizontal bar
connected to each point.
difference in slope is readily observed between
the 50% solution and the 10 and 25% solutions
where differentiation of the latter two slopes
occurred at approximately 25 minutes.
The maximum mean cutaneous blood flows
induced by the n-octylamine and the control
values are shown in Figure 5. The control
values increased as skin temperature increased,
a generally accepted view of the skin's vaso-
dilatory response to heat. Similarly, blood flow
in skin areas exposed to oetylamine increased
but the five similar experimental points at 98
and 102° F indicates that a maximal response
of cutaneous vasodilation probably had been
recorded. The 10% n-octylamine solution
produced a peak or maximal blood flow
response when skin temperature was approxi-
mately 101° F. At all skin temperatures below
this, the response to the 10% solutions was far
less than maximal. The 25% n-octylamine
evoked peak responses at skin temperatures of
101° and 98° F, but the response was greatly
reduced at skin temperatures of 85° and be-
low. The 50% n-octylamine application re-
sulted in peak response in pulse height at the
two highest temperatures and nearly maximal
response at a skin temperature of 85° F. This
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FIG. 4. Effect of concentration on penetration
of n-octylamine solutions at an environment of
65° F. The increase in cutaneous blood flow was
used as the index of penetration.
68 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
TABLE I
Analysis of variance summary
Source of Variation
Degrees
of
freedom
Mean
square
F
value
Test
Iresults %
signi-
ficance
All Data
Concentration 2 .03545 56.45 >99.9
(r)
Time (c) 13 .01580 25.17 >99.9
Temperature (d) 3 .67078 1068.01 >99.9
c X r 26 .00221 3.53 >99.9
r X ci 6 .03214 51.18 >99.9
c X d 37 .00166 2.64 >99.9
cXrXd 78 .00062
solution was the most effective in producing a
wheal and increasing cutaneous blood flow in
the 35° F environment where forearm skin tem-
perature was approximately 700 F.
D. Statistical Analysis
The data were organized into concentration
subclasses for group analysis and into concen-
tration subclasses at each environmental tem-
perature for separate analysis. The columns in
the analysis were blood flow values at time in-
tervals which began 15 minutes before apply-
ing amine and continued for 60 minutes after
application.
The results of the grouped data are shown in
Table I. A very significant difference was
found between blood flows at time intervals and
between blood flow and concentration of the
amine. The analysis of variance at each tem-
perature indicated a significant difference in
subject response with the least vibration oc-
curring at 35° F. The interactions shown in
Table I among concentration, time, and tem-
perature were significant. This interaction not
only measures experimental error, mentioned
previously, but also indicates the expected
variation between control and experimental
blood flows in addition to variation between
blood flows at different concentrations and
temperatures.
DISCUSSION
Skin permeability change is thought to be
attributable to alterations of the stratum
corneum (5), increasing rate of diffusion (6),
or decreasing diffusion distance (7), and vaso-
dilation (6). Temperature, hyperemia, inflam-
mation, chemical injury, and moisture also
contribute to increased skin penetration (6).
These factors may all be involved in explaining
the present results.
The n-octylamine is thought to penetrate the
epidermis into the dermis where it liberates
histamine from mast cells of tissue components.
It is also possible that some histamine is
liberated from the epidermis. The liberated
histamine results in the formation of the wheal
and erythema. Octylamine is known to be a
potent histamine releaser when injected intra-
dermally in microgram amounts (13). The
initial passage of n-oetylamine and the resulting
inflammation may facilitate the passage of ad-
ditional molecules from the akin surface to the
lower skin areas.
In these experiments it is postulated that the
main effect of temperature is on skin perme-
ability rather than on wheal formation and
that the histamine-induced vasodilation will
override the vasoconstricting effects of cold.
Early experiments by Lewis (14) indicate that
wheal development induced by histamine
puncture was slowed by immersion in 550 F
water and diminished by immersion in 115° F
water. This was explained by a reduced blood
flow in the cold and the removal of whealing
substances by the hyperemia of the heat. The
physiological effects and thermal gradients be-
tween skin surface and deep tissue would be
expected to be greater in a water immersion
than in an air exposure at the same tempera-
ture (15) because of the higher heat conduc-
tivity of water. Taking Lewis' work into ac-
count, the time difference in octylamine skin
penetration at various temperatures may reflect
a difference in time to develop a wheal and
erythema; it is suspected, however, in view of
the difference between the two experiments,
that the time to inflammatory reaction did not
change much because of the relative constancy
of the deep skin area environment during an
air exposure.
A comparison of penetration of vasodilating
with nonvasodilatirig materials shows that, hy-
pothetically, there are two skin locations where
temperature effects can influence the speed of
entry of materials into the internal environ-
ment: (1) the epidermis; and (2) a "physio-
logical zone" beneath the lipid epidermal bar-
rier which would be affected by skin
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temperature and would be related to blood
flowing through the skin. This zone may func-
tion as a reservior for materials in cool en-
vironments either through an increase in the
diffusion distance or by a reduction in the dif-
fusion gradient. The hypothesis would be that
the diffusion distance may increase if the
cutaneous capillary bed constricts, and a less
rapid removal of penetrant from the inner
layers would decrease the concentration gradi-
ent, thus inhibiting diffusion through the
epidermis. At a higher temperature, the con-
verse would occur.
The diffusion distance for octylamine in this
experimental system would remain the same be-
cause the effective end-point of penetration,
the cutaneous arterioles and capillaries, remains
stationary in position although changing in
size. Hence, the temperature effects on pene-
tration probably occurred in the epidermis.
Heat-dilated arterioles respond to octylamine
just as do cold-constricted arterioles (Fig. 5).
If the penetration of n-octylamine was being
measured by a technique involving increasing
concentration in blood, then one could expect
its skin penetration to be more rapid than a
non-vasodilator for two reasons: (1) the vaso-
dilation would reduce the diffusion distance
and, (2) the vasoclilation would reduce the
amount held in the "physiological layer"
awaiting circulatory pickup.
There is a clear possibility that membrane
injuries, including the "barrier" region, plasma
membranes and lysosomal membranes, are in-
duced by the octylamine and facilitate its
penetration. The amount and concentrations
selected in this experiments were chosen be-
cause they produce no gross injury detectable
by eye. This visual criterion does not exclude
probable damage on submicroscopic levels.
Larger volumes or higher concentrations in the
present experiments did produce tissue damage
indicated by eschar formation and, in one case,
a small but severe chemical burn.
The effect of concentration suggests that a
minimum amount of octylamine is required to
penetrate to the dermis. This implies that a
fixed amount of the amine is bound or inacti-
vated in the skin. rn cold skin this amount is
calculated as that present in the 25% solution,
or approximately 8 g per droplet since in the
cold there was no response to the 25% solution.
In the heat, since the 25% solution produced
the wheal response, there may be a reduction
the amount bound or inactivated. This binding
may occur primarily in the dry stratum
corneum and may he inhibited by sweat hy-
dration in the heat.
The fact that heat increases cutaneous blood
flow is well known (10). This accounts for the
increasing values of the control pulsatile blood
flow values obtained in environments from 35°
to 115° F. The maximal pulsatile flow caused
by octylamine is oniy a few units more than
the control response at 115° F. Following treat-
ment with octylamine, there is a visual differ-
ence between control and treated skin in the
heat, i.e. erythema and wheal vs normal skin.
It appears that these visual effects are not
directly related to pulsatile arteriolar flow as
measured photoelectrically since the pulsatile
values increased only slightly but rather to non-
pulsatile components of flow which would be
found in venous capillary and venule circula-
tion.
The increase of pulsatile blood flow recorded
at the wheal site is consistent with the current
views on wheal formation. Theoretically, in-
crease in pulsatile flow is caused by locally
dilated arterioles, metaarterioles, and open
precapillary sphincters. The observed flow in-
dicates an increase in pulsatile flow through
arterioles and capillaries with an increase in
capillary pressure. This increase in capillary
pressure results in increased formation of ex-
tracellular fluid and the wheal. To this condi-
tion is added the histamine effect of increased
capillary permeability.
The nature of the wheal has been subject to
much investigation. It has been thought that
whealing produced by increased capillary
permeability resulted in localized stasis. The
blood flow measurements in the wheal do not
support this concept, although the stasis may
occur in vessels near the skin surface while in-
creased flow may occur in deeper layers. This
latter mode of action might contribute to
whealing, particularly if the supplying arteries
and arterioles were dilated and the upper
vessels were constricted. The photoelectric
plethysmograph would not be able to differ-
entiate between an increase in blood flow in
lower levels with a decrease in upper vessels
and a more moderate increase in flow in all
vessels, which one would expect in a heat
response.
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The possible mechanism of epidermal pene-
tration may combine the pathways through
cells and cellular spaces and through large
ducts including the hair sheath (16) and
sebaceous and sweat glands. The wheal devel-
begins, particularly in the cold, as a series of
discrete spots, indicative of a point penetra-
tion. This observation might also be attributed
to other factors including variations in skin
thickness and unequal capillary distribution.
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